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Abstract 
A mechanical analytic model for composite tube spin-bonding is proposed by using the slab method to provide a theoretical 
guidance for the manufacture of composite tube through spin-bonding process. The model assumes the friction between the 
roller and clad tube, the mandrel and matrix tube, the clad and matrix tubes to be Coulomb friction. Based on this model, the 
vertical stress distribution at the deformation zone can be easily and rapidly calculated, and the effects of thickness reduction, 
interfacial friction coefficient and ratio of yield stress on spin-bonding process are investigated. The results show that large 
thickness reduction and high interfacial friction coefficient are effective for spin-bonding. 
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1. Introduction 
Revolved hollow section parts like tubes have been extensively used in engineer application. However, in many 
cases, the inner and outer surfaces of the tubes are required to possess different characteristics to serve different 
environments inside and outside. It is not easy for individual material to meet all those demands at the same time. 
Clad tubes possess both the characteristics of the matrix layer and the clad layer, which make it possible to possess 
the properties of high strength, heat resistance, corrosion resistance and wear resistance with no large increase in 
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using of rare and expensive metals. Clad tubes can be widely used in pipelines, heat exchanger pipes, medical 
device pipes(Chen et al. 2003; Zhan et al. 2006), etc. 
While seamed composite tubes can be fabricated with roll-bonded sandwich sheets, there are several methods to 
manufacture seamless composite tubes such as centrifugal casting (Sponseller et al., 1998), extrusion,(Chen et al., 
2003), explosive bonding(Berski et al. 2006), hydraulic expansion (Wang et al., 2005) and so on. Spin-bonding was 
imposed as an effective way to produce seamless thin-walled clad tubes with good bonding strength both 
mechanically and metallurgically (Mohebbi and Akbarzadeh, 2010). Until now, only the fabrication of 
aluminium/aluminium and copper/aluminum composite tubes by spin-bonding process was investigated 
experimentally by Mohebbi and Akbarzadeh (2010, 2011), roughly revealing the mechanism of spin-bonding 
process and the effects of process parameters on bonding strength. 
Though there are some studies on roll bonding involving analytical methods such as slab method (Tzou, 2001; 
Chaudhari and Acoff, 2009) and upper-bound theorem (Manesh and Taheri, 2005), the analytical study of spin-
bonding has not been reported. In the present work, an analytical model of spin-bonding was established based on 
slab method, and the stress distribution in the deformation zone was calculated by this model. Finally, the effects of 
thickness reduction, friction coefficient and the ratio of yield stress on the stress distribution were discussed, which 
was helpful for optimizing the spin-bonding process of clad tubes. 
2. Model formulation 
In modeling the system, following assumptions are made to simplify the spin-bonding process: 
(i) The spinning deformation is plane strain and homogeneous for all the layers of the same metal. 
(ii) The vertical stress p and the horizontal stress q are regarded as the principal stresses. 
(iii) The roller and mandrel are considered to be rigid, tubes in inner and outer layer are considered to be rigid-
plastic material. 
(iv) The frictional coefficients between the rollers and clad tube μc, the mandrel and matrix tube μm, the clad and 
matrix tubes μcm are constant over the contact area. Coulomb friction is assumed, i.e. τ=μp. 
(v) Tubes satisfy the von Mises’ yield criterion, 2 2 3sp q k    , k is the maximum shear stress, and σs is the 
mean yield stress.  
2.1. Formulation 
Schematic illustration of spin-bonding of composite tubes is shown in Fig. 1. The plastic deformation zone at 
the roller gap is divided into two distinct regions by a bonding point xb. Zone I is the entrance region, where both 
the clad and matrix tubes deform plastically but they can slip relative to each other since they are not bonded. Thus, 
the yield criterion for both metal are satisfied. The friction between the interface of the two layers is τcm = μcmpcm. 
Zone II is the bonding region, where two tubes are bonded together with the bonding starting point xb. Subscripts c 
and m in all variables represent the clad and matrix tube, respectively. 
Fig. 2 illustrates the stress state of the composite tube in zone I and zone II. The roller attack angle is α. In tube 
spinning process, plastic deformation usually takes place more easily in the outer layer than in the inner layer, so 
the thickness reduction of the outer tube is bigger than that of the inner tube in the spin-bonding process. In zone I, 
τcm is friction stress on the interface between the two tubes because of their relative slide (Fig. 2a). Film theory was 
considered as the major mechanism of spin-bonding (Mohebbi and Akbarzadeh, 2010). It is assumed that the 
bonding will occur if the friction stress is lower than a certain stress 2akm (2akm is the shear strength of the bonded 
tube), where xb denotes the bonding starting point. Therefore, the stress τcm is changed from friction stress to inner 
shear stress, resulting in the change of the angle of the interface from θ to γ (Fig. 2a). 
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Fig. 1. Schematic illustration of spin-bonding of 
composite tube. 
 
Fig. 2. Slab stress state of composite tube in (a) zone I and (b) zone II. 
In zone I, both the clad tube and the matrix tube satisfy the yield criterion. So the mathematical expression for 
the horizontal and vertical force equilibrium in the clad and matrix tube can be summarized as below 
( )
tan tan 0c c cm cm c c
d t q
p p
dx
        , (1) 
tan tanc c cm cmp p      , (2) 
m m( ) tan 0cm cm m
d t q p
dx
      , (3) 
tanm cm cmp p p     . (4) Combining Eq. (1) with Eqs. (2), (3) and(4), it gives 
( ) tan 0     c c m
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, (5) 
where c c m mtq t q t q  .
 According to Coulomb friction model, the friction can be given by  	cm cm cmp ,  	c c cp and  	m m mp . 
Variable ti and to represents the initial and final thickness of composite tube, respectively. Considering the metal 
volume remains a constant during plastic deformation, the following geometrical relationships are obtained: 
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β is the thickness ratio of the matrix tube to the composite tube. ke is the equivalent maximum shear stress for 
the bonded composite tube. The von Mises’ yield criterion for plane strain within the matrix tube, clad tube and 
bonded tubes can be expressed respectively as: 
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For the matrix tube, combining Eq. (3) with Eq. (4), Eq. (6) and Eq. (7), it gives 
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Substituting Eq. (10) and rearranging, it produces 
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Integrating Eq. (11) with respect to x, the solution of the differential equation is obtained, 
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where C1 is the integral constant. 
In zone II, the angle θ in the force equilibrium Eq. (3), Eq. (4), Eq. (6) and Eq. (7) is changed to be γ. 
Combining Eq. (2) with Eq. (4), Eq. (5), Eq. (6) and Eq. (9), it gives 
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Similarly to Zone I, the solution of the differential equation is obtained, 
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2.2. Boundary conditions 
2.2.1. Zone I (between 0 and xb) 
At 0x , 0imq , 2 2  i m im mp k q k   
From this boundary condition, integral constant C1 in Eq. (12) can be obtained: 
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Hence, the vertical stress(pI) in zone I is expressed as 
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At bx x , 2cm mak   
Combining Eq. (4) with Eq. (6) and Eq. (16), it gives
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Because tanθ and B1 can be replaced by expressions of xb, xb can be calculated with mathematic method. 
2.2.2. Zone II (between xb and L) 
At bx x , b bIx IIxp p
 
From this boundary condition, integral constant C2 in Eq. (14) can be obtained, 
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3. Results and discussion 
The spinning conditions employed for the following simulation, e.g. thickness reduction, interfacial frictional 
coefficient and ratio of yield stress of the matrix tube to the clad tube are summarized in Table 1.  The constant a 
was determined by the shear strength of the bonding interface of the composite tubes. A set of a value from 0.082 
to 0.327 was used in the analytical model. The main results are discussed as follows. 
Table 1. Spinning conditions in the bonding of composite tubes. 
° tim/mm tic/mm  	cm km/kc 
20 2 2 40/30/20 0.3 0.8 
20 2 2 35 0.1/0.2/0.3/0.4 0.8 
20 2 2 35 0.3 2/1.25/0.8/0.5 
3.1. Effect of thickness reduction 
Fig. 3(a) shows the vertical stress distribution in the deformation zone under the conditions of different 
thickness reductions. It is obviously that with the same attack angle, initial thickness, interfacial frictional 
coefficient and yield stress ratio but different thickness reduction, the vertical stress distribution curve varies in the 
same trend. The axial length of the deformation zone L decreases as the thickness reduction declines, but the 
distance from the bonding starting point to the exit point becomes longer. When the thickness reduction εis40%, 
the longest L and the longest bonding zone (L minus xb) are obtained. Under this condition, the bonding process 
endures the longest zone. While the thickness reduction ε is reduced to 20%, the shortest L and the shortest 
bonding zone are obtained. In this case, the bonding strength will decrease significantly owing to the reduced 
bonding area. Therefore, within a certain range, the bonding quality will be improved with increasing thickness 
reduction. 
 
Fig. 3. Effects of (a) thickness reduction, (b) friction coefficient and (c) yield stress ratio on vertical stress distribution in the deformation zone. 
3.2. Effect of interfacial friction coefficient 
Fig. 3(b) shows the vertical stress distributions in the deformation zone under the conditions of different 
interfacial friction coefficients. With the same thickness reduction, attack angle and ratio of yield stress, the 
bonding point varies with interfacial friction coefficients. It can be seen that as the friction coefficient increases, 
(a) (b) (c) 
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the bonding point becomes closer to the entrance point. The results show that with the increasing of friction 
coefficient, the bonding zone is expanded, resulting in the improvement of the bonding quality. 
3.3. Effect of ratio of yield stress 
Fig. 3(c) shows the vertical stress distribution in the deformation zone under the conditions of different yield 
stress ratios. It is observed that with the same thickness reduction, attack angle and interfacial friction coefficient, 
the bonding point varies with the ratio of yield stress. As the yield stress ratio decreases, the bonding point 
becomes closer to the entrance point and the bonding zone is lengthened. When the matrix tube is much softer than 
the clad tube (km/kc much less than 1), the vertical stress will be much higher in zone I but the bonding pressure 
will be lower in zone II. Even though the bonding zone is longer, low bonding pressure will not contribute to the 
bonding of the inner and outer tubes. When the matrix tube is harder than the clad tube, there is no obvious change 
in vertical stress in zone II. In this case, the higher the yield stress ratio, the shorter the bonding zone. Thus, the 
bonding quality will be better when the yield stresses of the two tubes relatively approach each other. 
4. Conclusion 
An analytical model is established to provide a theoretical guidance in manufacturing composite tubes through 
the spin-bonding process. The vertical stress distribution under different conditions of thickness distribution, 
interfacial friction coefficient and ratio of yield stress can be calculated by this model. The results show that within 
a certain range, the bonding quality will be improved with increasing thickness reduction. The increasing of 
interfacial friction coefficient plays a positive role in spin bonding of composite tubes. The clad tube will be 
bonded to the matrix tube more easily when the yield stresses of the two tubes are more close to each other. 
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